In this paper, we report selective electrochemical gold deposition onto p-type Si (1 0 0) into nanoscratches produced through a thin oxide layer using an atomic force microscope. A detailed description of the substrate engraving process is presented. The influence of the main scratching parameters such as the normal applied force, the number of scans and the scanning velocity are investigated as well as the mechanical properties of the substrate. Gold deposition is carried out in a KAu(CN) 2 + KCN solution by applying cathodic voltages for various durations. The gold deposition process is investigated by cyclic voltammetry. Reactivity enhancement at the scratched locations was studied by comparing the electrochemical behaviour of intact and engraved surfaces using a micro-electrochemical setup. Selective electrochemical gold deposition is achieved: metallic patterns with a sub-500 nm lateral resolution are obtained demonstrating, therefore, the bearing potential of this patterning technique.
Introduction
Electrochemical micro-fabrication offers some unique advantages over competing vapour phase technologies and therefore finds increasing use in the electronics and micro-systems industries [1] . A clear benefit of electrochemical reactions is that it is comparably easy and cheap to uniformly cover a non-planar substrate. In particular, recently discovered special features such as 'superfilling' have reached high significance in modern IC technologies [2] . Today, electrochemical technologies (etching, oxidation and deposition) are widely employed for the processing of advanced microelectronic components, including Cu chips, high end packages and interconnects, Schottky diode, solar cell, thin film magnetic heads and micro-electromechanical systems (MEMS) [3] . Metal electrochemical deposition onto semiconductors therefore plays a key role for micro-electronics industries.
Nowadays micropatterning techniques are based on photolithographic processes and are therefore limited by the wavelength of UV sources. The continual shrinkage of electronic devices therefore requires the improvement and development of high resolution structuring techniques. Lateral nanostructuring techniques employing an electrochemical process in conjunction with radiation (x-rays), charged particles (electrons and ions) or scanning probe microscopes (scanning tunnelling microscope, STM, and atomic force microscope, AFM) have opened promising perspectives (for a review, see [4] ). Both indirect and direct patterning approaches have been investigated. In the first case the desired pattern is transferred to the surface via a deposited mask layer (see e.g. [5] ) while the second structuring method consists of writing directly onto the substrate (see e.g. [6] ). Owing to their excellent resolution scanning probe techniques such as AFM and STM have been widely used to explore alternative nano-patterning techniques. These methods can be utilized to sensitize mask layers either by electrical [7] [8] [9] or mechanical [10, 11] interactions as well as to directly modify the surface by local electrochemical reactions [12] [13] [14] or mechanical engravement [15] .
Due to the Schottky diode behaviour of the semiconductor/electrolyte junction, gold deposition is usually carried out onto n-type semiconductor under dark conditions [16] while p-type requires illumination [17] . However, Au electrodeposition localized at surface defects created at p-Si surfaces by Si 2+ focused ion beam bombardment has been reported [18] . Using a similar approach, AFM-scratchingbased techniques have been proposed [19] and subsequent developments have been described [20] [21] [22] . They consist of scratching the Si surface and using the specific reactivity of the engraved locations to perform either electrochemical or electroless metal deposition. Metallic structures exhibiting a sub-micrometre lateral resolution are therefore achieved.
In this paper, we report a two-step patterning process. AFM equipped with a single crystalline diamond tip is firstly used to engrave an oxide-covered silicon surface and selective gold electrochemical deposition onto p-type Si (1 0 0) occurs in the free silicon regions. Mechanical properties of p-Si (1 0 0) and scratching process are firstly reported. Electrochemical phenomena occurring at the silicon surface are investigated. The gold electrochemical deposition mechanism is presented, the semiconductor/electrolyte junction is described and the selective metal deposition is finally optimized.
Experimental
Experiments were carried out on p-type silicon (1 0 0) wafers (WaferWorld Inc.). The resistivity (ρ) is in the 1-10 cm range. Some Si wafers were thermally oxidized according to a standard dry oxidation process to get a 10 nm thick gate oxide film. The wafers were cleaved to samples of 1.2 × 1.2 cm 2 and were degreased by subsequently sonicating in acetone, isopropanol, methanol and rinsed with deionized water. The samples were dipped in 1% HF for 30 s to both remove the air-formed native oxide layer and H-terminate the Si surface (this procedure has been calibrated by x-ray photoelectron spectroscopy and ellipsometry in a previous work [21] ). Finally the samples were rinsed in deionized water. Ohmic backcontact to the electrodes was established by smearing an AlGa eutectic.
Nanoscratching of Si surfaces was performed using a Multimode AFM driven by Nanoscope IIIa controller (Veeco Instruments). In order to obtain reproducible indentation patterns, a three-sided pyramidal single crystalline diamond tip was used (tip apex angle is 60
• ). This probe was mounted on a stainless steel hard cantilever exhibiting a spring constant and a resonance frequency (f ) of ca 250 N m −1 and 60 kHz, respectively. Silicon engraving was carried out by scanning the tip over the surface in contact mode several times. A sufficiently high normal applied load (F ) was employed to get an irreversible surface modification (F = 5-80 µN).
Parameters such as applied force, scanning velocity (v) and number of cycles (n) were varied in order to determine their influence on the groove geometry. The scratch morphology was observed with the same tip just after the scratching procedure to facilitate the features' localization. Imaging was made in contact mode with a normal applied force in the range 100-500 nN and tapping mode imaging was used in order to check the eventual damage caused by the scanning of the tip. The images were treated using the first or second order flattening routine of the manufacturers' software. The hardness (H ) and Young's modulus (E) of elasticity have been measured by nano-indentation with a Nano Indenter XP (MTS Nano Instruments) using the continuous stiffness measurement technique [23] . The nano-indenter was a standard Berkovich diamond probe that was continuously pressed onto the surface until it reaches and it is maintained at the maximum load (F max ) for a determined time before the unloading process.
Electrochemical investigations were carried out using a standard three electrode electrochemical cell connected to a PAR 283 Potentiostat associated with an EG&G 5210 lockin amplifier. A Pt gauze served as a counter electrode and a Ag/AgCl electrode in 1 M KCl was used as a reference electrode (E o Ag/AgCl = 0.236 V versus SHE). All potential values in this paper are referred to this electrode. Gold deposition was performed by cathodic potential steps in 0.01 M KAu(CN) 2 + 1 M KCN (pH = 11.6) for variable durations. The micro-electrochemical investigations have been performed using a microcapillary setup described before [24] . The system basically consists of a pulled microcapillary filled with electrolyte (capillary's diameter is about 100 µm) mounted on an optical microscope stage allowing the positioning of the capillary on the silicon surface.
The morphology of the gold deposits was characterized by scanning electron microscopy (SEM) using a Jeol JSM 6400.
Results and discussion

AFM-scratching
Figure 1(a) shows an AFM image of a silicon surface carrying six 20 µm long AFM-grooves that are approximately 700 nm spaced. The scratches were produced with different loads at a constant number of cycles and scan velocity. It is apparent from the pictures that the scratches are very well defined. Only some debris can be seen in the image achieved in contact mode because the abraded particles were swept out of the observation window by the tip scanning over the surface. This is confirmed by the image obtained in tapping mode ( figure 1(b) ). In this case the abraded particles remain in the observed area because-in this soft scanning mode-smaller interactions are established between the tip and the surface. This observation is in line with the literature where it has been suggested that the wear debris is lost and the material is removed layer by layer [25] . As reported before, to avoid any perturbations during the following metal deposition [19] , the abraded particles were removed by sonicating in pure water.
Even though tip-sample interactions are higher in contact mode, the comparison with tapping mode images shows that the scratch morphology is not strongly affected in contact AFM. Due to practical considerations, AFM imaging was therefore performed in contact mode with applied forces as weak as possible (F = 100-500 nN). The influence of the normal applied load has been investigated on p-Si (1 0 0) covered by the native oxide layer (ca 2 nm thick). increase with load. Obviously, due to the convolution effect of the tip (see e.g. [26, 27] ), the scratch depth and width appear smaller by AFM imaging than the effective sizes. This was confirmed by width measurements performed by SEM and the low aspect ratio of the scratches as compared with the tip geometry (aperture angle and curvature radius: ca 120
• and 50 nm, respectively). Figure 3 (a) presents the dependence of the scratch width and depth with the normal applied force. Note that groove dimensions were measured on 1 × 1 µm 2 full resolution images and profiles were averaged over 100 scan lines. As already reported in the literature for H-terminated Si [28] , excluding the values obtained for the smallest load (10 µN), the evolution of the groove dimensions is almost linear, i.e. no change in the deformation process occurs when the force is increased. The slope discrepancy between the lowest and the higher loads can be explained by the superior convolution effect in the cases of the smallest scratches and the influence of the native oxide layer for such small loads. The plastic deformation threshold appears approximately at F = 10 µN. This value corresponds to the literature results where, depending on the crystallographic orientation or the doping concentration, the threshold varies between 10 and 20 µN [22, 25] . Tests have been carried out at lower loads but no residual traces of a permanent deformation could be observed.
The influence of the number of cycles (n) was also investigated. Figure 2 (b) presents seven AFM grooves performed with a normal applied load of 20 µN and a scan velocity of 20 µm s −1 for n increasing from left to right: n = 5, 10, 15, 20, 25 and 30. As expected, the scratch dimensions increase with n. The groove sizes evolution with n is plotted in figure 3(b) . A linear evolution of the depth and the width is observed. This behaviour was confirmed by wear experiments performed under the same conditions [22] . In this case, wear scars are 3 × 3 µm 2 squares and the convolution effect has no influence. As has been suggested in the literature [29] and by the observations made in figure 1 , this linear increase with n indicates that the material removal follows a layer by layer mechanism.
To study the effect of scanning velocity, 10 µm long scratches were generated at scanning velocities ranging from 2.5 to 40 µm s −1 at constant normal applied load and number of cycles (F = 20 µN and n = 30, respectively). Figures 2(c) and 3(c) present, respectively, the surface profile and the evolution of the groove dimensions with v. These two figures illustrate the fluctuating evolution of the scratch size with v and demonstrate, therefore, that the scanning velocity has no influence on the morphology. Insensitivity to scanning velocity may be due to the small effect of frictional heating with the change in scanning velocity used here. Furthermore, for a small change in interface temperature, there is a large underlying volume to dissipate the heat generated during the scratching [30] . Although no effect of the scanning velocity on the groove morphology has been pointed out by the AFM observations, it appears from micro-Raman spectroscopy performed after a microscratching process (F ranging from 0.2 to 50 mN) [22, 31] that a phase transformation can occur during the scratching process. The deformed volume inside the microscratches is composed mainly of amorphous silicon and Si-XII (a rhombohedral structure with eight atoms per primitive unit cell) at low scanning rates and of amorphous Si at high speeds. It has been shown by transmission electron microscopy [32] that AFM-scratching does not lead to such phase transformation. This divergent behaviour could be attributed to the different curvature radius of the indenters.
Load versus penetration curves, plotted from indentation testing, are used to determine the mechanical properties of materials such as hardness (H ), stiffness (S) and Young's modulus of elasticity (E). In the case of a pure elastic deformation loading and unloading traces are similar and h r , the residual depth, is 0. On the other hand, for pure plastic deformation, a strong hysteresis appears between the forward and return curves and h r corresponds to the abscissa of the force maximum (F max ). In the present case, figure 4 shows the averaged (over 12 experiments) load versus penetration curve of a loading-unloading cycle, performed with a maximum normal force of 250 µN, on single-crystal Si (1 0 0) covered by the native oxide layer. The loading-unloading curves are clearly hysteretic and indicate an elastic-plastic deformation of the substrate. According to the Oliver and Pharr model [23] , the hardness can be calculated from equation (1):
where A is the projected contact area for a Berkovich indenter:
and h c , the contact depth:
with h max the maximum penetration depth, is approximately 0.72 for a Berkovich indenter. From the load-penetration curves plotted in figure 4 indentation depth of as small as about 26 nm has been measured. Note that the indentation imprints are clearly observed after the indentation experiments. Young's modulus of elasticity is calculated with equation (4) where ν corresponds to Poisson's ratio and the i subscript refers to the indenter parameters (E Diamond = 1143 GPa and ν Diamond = 0.104). The reduced modulus of elasticity (E r ) is given in equation (5) . The stiffness is calculated from the unloading curve (S = dF /dh).
The mean value of the hardness and Young's modulus of elasticity are, respectively, H = 13 ± 1 GPa and E = 181 ± 20 GPa. Even though the nano-indenter is used at its resolution limit, these values are in agreement with nanohardness measurements reported in the literature that are calculated using standard nano-indentation techniques [33] or based on AFM techniques [34] . Generally, comparison of nanohardness values with that of bulk hardness shows that nanohardness of silicon is higher [35] . From these investigations, mechanical properties of Si (1 0 0) covered by the native oxide layer were determined and the AFM-scratching procedure could be used to produce defined nanoscaled patterns on oxide-covered silicon surfaces. The normal applied force and the number of cycles appear to be predominant on the scratch morphology and thus on the pre-patterning process while the scanning velocity had no morphological impact. (6) and (7)). Au(CN) ads is in equilibrium with Au(CN) − 2 ions in the solution and charge transfer is rate limiting.
Gold deposition
Au(CN)
Au(CN) ads + e − −→ Au + CN − .
The gold electrochemical deposition onto p-Si has been investigated by cyclic voltammetry. in the −1 to −0.9 V range. In both cases, it is in agreement with the redox potentials calculated using Nernst's equations (equations (8) and (9) 
On the forward scan of the first cycle (dashed line) shown in figure 6(a) , the onset for water reduction appears at −1.5 V. The reverse scan shows an anodic peak (A I ) at −0.45 V. It is followed by a constant anodic current of 0.02 mA cm −2 . In the following cycle (solid line), the hydrogen evolution is slightly lowered and the anodic peak (A I ) is not present. Almost no current flows through the interface between −1.5 and −0.7 V since a majority carrier (holes) depletion occurs at the p-type semiconductor surface under reverse polarization (U − U fb < 0). The current measured at −1.5 V can therefore arise from an inversion layer or a conduction via defectrelated surface states located in the band gap. Since the Mott-Schottky plots show linear behaviour for potentials ranging from −2.7 to −1 V ( figure 5(a) ), it seems the semiconductor/electrolyte junction exhibits a deep depletion (and not inversion) layer without band edge unpinning when strong cathodic overvoltages are applied. The cathodic current flowing at −1.5 V should therefore involve the surface states (this will be confirmed by microcapillary experiments presented thereinafter). The anodic wave (A I ) is not present in the following scan since, after the first cycle, the silicon surface is already oxide covered. According to an earlier work [36] , A I corresponds to Si passivation, i.e. the formation of a thin (some Å) SiO 2 layer. For further anodic polarizations, the oxide film grows (j = 0.02 mA cm −2 ). Such a phenomenon is possible since the p-Si/electrolyte junction is forward biased when the potential comes near and passes U fb . Note that the cathodic current decrease observed (at U < 1.5 V) on the second voltammogram is due to the passive layer grown during the anodic polarization.
In the forward scan of the first cycle (dashed line) performed in gold-containing electrolyte ( figure 6(b) ), Au reduction starts at −1.3 V while a curve inflection corresponding to the water reduction appears at −1.5 V. Since the Si exhibits a deep depletion behaviour under such cathodic polarizations, no inversion should occur and no electrons should be available in the conduction band to achieve the reduction of the Au(CN) ads ions. The measured current may thus be localized at surface defects where additional energy states can assist the charge transfer. As soon as gold nuclei are formed at the defect locations, further current and thus further cluster growth can happen. Oskam et al have reported a kinetic model in which electrons are thermally excited from the valence band to gold-related surface states and then transferred to acceptor level in solution [40] . Additionally, Schmuki et al have experimentally evidenced the key effect of surface defects on the gold deposition onto p-Si [41] . A direct relation between the concentration of ion implanted defects and the density of gold nuclei has been established in this former work. On the reverse sweep the curve crosses the abscissa axis at −1 V indicating that gold deposition requires to overpass a nucleation barrier of 0.3 V. In this metalcontaining electrolyte, two anodic peaks (A I and A II ) are observed at −0.3 V and −0.05 V, respectively. The comparison with figure 6(a) indicates that A I corresponds to the SiO 2 formation while A II is attributed to the gold stripping since hole accumulation takes place when the junction is forward biased (U − U fb > 0). The gold dissolution proceeds by hole injection from the silicon's valence band to the metallic clusters. On the second cycle (solid line), since the oxide is present on the surface, the hydrogen evolution is hampered. It starts at −1.6 V since the gold crystallites have been removed and the Si surface is fully oxide covered.
In agreement with the literature, we have shown in a previous work [42] that the nucleation and growth of gold onto n-Si follow the three-dimensional Volmer-Weber process [43] . No difference between p-and n-type Si should be observed and three-dimensional crystallites are indeed observed on SEM micrographs presented in the following. It is further confirmed by the cluster morphology and by the potential dependence of the Au nucleus density observed on p-Si [41] . Since the deposition is very defect dependent, it is suitable to investigate the nucleation process using a microcapillary electrochemical cell. In such a configuration, the contribution of the native defects can be eliminated.
Selective deposition
Micro-electrochemical investigations.
Since AFM nanoscratches are very small, arrays of microscratches have been engraved onto silicon surfaces using a micro-indenter (Leitz miniload indenter) with a normal applied force of 49 mN. The inset of figure 7(b) exhibits such microgrooves and displays the area probed by the microcapillary setup (dashed circle). AFM profile of a typical microscratch performed using the micro-indenter is also shown in the inset of figure 9 . In such a system, the active area is small enough (<0.008 mm 2 ) to avoid the native defects of the surface and to get exclusively the electrochemical response of an intact or scratched surface.
Electrolytes without metallic ions were first used in order to investigate the electrochemical responses of intact and defective surfaces without any modification of the interface during the experiments. Figure 7 (a) presents the polarization curves performed in 1 M KCN. In both cases, the cathodic current corresponds to the water reduction. A clear difference is observed between the intact and the scratched Si surfaces. The j -U curve for the intact surface exhibits an almost blocking current behaviour (j 50 µA cm −2 ) until −3 V while the current of the scratched surface is three decades higher with an evolution similar to a metallic electrode (i.e. unlimited current). Figure 7 (b) presents the polarization curves performed in gold-containing solution for intact and scratched Si surfaces. The j -U curves for intact and engraved samples are again strongly different. In both cases, the onsets for Au deposition and hydrogen formation occur, respectively, at −1.3 V and −1.5 V. However the level of the current is clearly higher for the scratched sample (more than ten times).
As expected from the capacitance measurements and the cyclic voltammetry, electrochemical experiments performed with the microcapillary setup in both Au-free and Au-containing electrolyte demonstrate the main role of surface defects in the charge transfer process under cathodic bias. The current enhancement related to the surface engraving is smaller in gold-containing electrolyte because in this solution as soon as gold nuclei are formed, additional energy states are created and assist further metal deposition. These currentvoltage curves performed in both metal-free and metalcontaining electrolyte demonstrate that mechanical defects introduced into p-Si surfaces enhance drastically the surface electrochemical reactivity. This is in line with the concept exposed previously in which additional surface states are created by ion implantation or sample scratching.
Selectivity and morphology of the gold deposits.
Selective electrochemical gold deposition onto AFMscratched p-Si was carried out according to a procedure reported previously for selective Pd and Cu plating [19, 21] : (i) AFM-scratching is performed on either native-or thermaloxide-covered silicon surface and (ii) Au deposition is successively performed by cathodic potential step. If a thermal oxide film is used as a mask, the samples were dipped for 30 s in 1% HF between the engraving and the plating in order to H-terminate the silicon within the grooves. Depending on the nature, and thus the thickness, of the oxide layer a variable selectivity is achieved. Total selectivity was not reached when a native oxide layer was used as a mask ( figure 8(a) ) whereas a complete masking effect of the thermal oxide layer occurred ( figure 8(b) ). This could be explained by a slight dissolution of the passive layer at specific locations since SiO 2 is relatively unstable at such alkaline pH. In acidic solutions [19, 21] , the native oxide layer was, indeed, sufficient to totally suppress the metal nucleation. The use of a 10 nm thick thermal oxide layer as mask is therefore required to get a fully selective deposition. Gold structures as small as 500 nm in width can be produced by this technique.
As in the case of Pd and Cu [19, 21] , Au electrodeposition is initiated at the scratch edges. In the inset presented in figure 8(a) , the gold wire exhibits indeed a double line aspect since an axial shadow is visible on the metallic line. Figure 9 shows a gold deposit performed in similar conditions onto a microgroove engraved using the micro-indenter and two distinct Au lines are clearly obtained. It reveals that two parallel wires initially compose the metal deposits. Such an observation has already been reported for Cu and Pd selective depositions [19, 21] . This could firstly be attributed to the geometrical aspect of the groove. However the depth-to-width ratio of the scratches is so small (ca 0.1) that the geometric effect cannot be the exclusive cause for nucleation at the groove edges. One should also take into account the high defect concentration at the Si/SiO 2 interface or a deterioration of the oxide film at these locations during either the scratching or etching step. Thus homogeneous Au lines result in the coalescence of those edge lines in a single metal line. The edge nucleation phenomenon induces the metal overgrowth on the SiO 2 film observed for deposition experiments.
Conclusions
From these investigations, mechanical properties of Si (1 0 0) covered by native oxide layer are determined and the AFMscratching procedure is optimized to produce nanoscaled patterns onto oxide-covered silicon surfaces. Parameters such as normal applied force and the number of cycles appear to be predominant for the groove morphology while the scanning velocity has no morphological impact. Valuable information about Au reduction processes are obtained from cyclic voltammetry and capacitance measurements. The gold deposition mechanism should involve surface states related to surface defects since the silicon exhibits a deep depletion layer for cathodic overvoltages. According to SEM observations, it appears that-similarly to n-Si-the gold nucleation and growth onto p-Si follows the three-dimensional Volmer-Weber mechanism. During the micro-electrochemical investigations, the expected blocking behaviour of p-Si under reverse bias is not observed in the presence of microgrooves. This strong enhancement of the surface reactivity demonstrates the impact of surface defect on the charge transfer process. Mechanical defects can therefore be used as preferential positions for localized gold nucleation process but an oxide layer is required to improve the selectivity. In opposition to copper and palladium, a clear influence of the oxide layer thickness is observed for gold deposition. For native-oxide-covered p-Si sporadic Au clusters are still observed since localized dissolution of the passive film can proceed at such alkaline pH while total selectivity with lateral resolution in the sub-500 nm range is achieved for thermal-oxide-covered surfaces.
